Molecular hydrogen (H 2 ) can be produced in green microalgae by [FeFe]-hydrogenases as a direct product of photosynthesis. The Chlamydomonas reinhardtii hydrogenase HYDA1 contains a catalytic site comprising a classic [4Fe4S] cluster linked to a unique 2Fe sub-cluster. From in vitro studies it appears that the [4Fe4S] cluster is incorporated first by the housekeeping FeS cluster assembly machinery, followed by the 2Fe subcluster, whose biosynthesis requires the specific maturases HYDEF and HYDG. To investigate the maturation process in vivo, we expressed HYDA1 from the C. reinhardtii chloroplast and nuclear genomes (with and without a chloroplast transit peptide) in a hydrogenase-deficient mutant strain, and examined the cellular enzymatic hydrogenase activity, as well as in vivo H 2 production. The transformants expressing HYDA1 from the chloroplast genome displayed levels of H 2 production comparable to the wild type, as did the transformants expressing full-length HYDA1 from the nuclear genome. In contrast, cells equipped with cytoplasm-targeted HYDA1 produced inactive enzyme, which could only be activated in vitro after reconstitution of the [4Fe4S] cluster. This indicates that the HYDA1 FeS cluster can only be built by the chloroplastic FeS cluster assembly machinery. Further, the expression of a bacterial hydrogenase gene, CPI, from the C. reinhardtii chloroplast genome resulted in H 2 -producing strains, demonstrating that a hydrogenase with a very different structure can fulfil the role of HYDA1 in vivo and that overexpression of foreign hydrogenases in C. reinhardtii is possible. All chloroplast transformants were stable and no toxic effects were seen from HYDA1 or CPI expression.
INTRODUCTION
Eukaryotic microalgae display particularly high H 2 production yields. This is partly due to the high efficiency of microalgal [FeFe] -hydrogenases, which have turnover rates 10-to 100-fold higher than bacterial and cyanobacterial [NiFe]-hydrogenases (Florin et al., 2001; Frey, 2002) . Also, microalgal hydrogenases are directly coupled to the photosynthetic electron transport chain, as the photosynthetic ferredoxin PETF is their direct electron donor (Winkler et al., 2009; Rumpel et al., 2015) , which makes H 2 a direct product of photosynthetic light conversion (Melis et al., 2000; Melis and Happe, 2001) .
The unicellular green alga Chlamydomonas reinhardtii is one of the best-studied microalgal species with regard to H 2 production. Chlamydomonas reinhardtii contains two [FeFe] -hydrogenases, HYDA1 (Happe and Kaminski, 2002) and HYDA2 (Forestier et al., 2003) , although HYDA1 is the primary isoform as it produces about 75% of the H 2 in the light (Meuser et al., 2012) . HYDA1 is a small (approximately 48 kDa) monomeric soluble protein located in the chloroplast (Happe and Naber, 1993; Happe et al., 1994) . It is composed of one domain, known as the H-domain, which is conserved in all [FeFe]-hydrogenases and which contains a complex FeS cluster at its active site that is essential for catalytic activity (Peters et al., 2015) . This FeS cluster, known as the H-cluster, consists of a classic [4Fe4S]-cluster linked to a complex 2Fe sub-cluster, in which two Fe atoms are coordinated by CO-and CNligands, as well as an azadithiolate bridge (Peters et al., 1998; Mulder et al., 2010; Esselborn et al., 2016) .
Although much is known about the assembly and maturation of HYDA1 in heterologous systems and in vitro (Artero et al., 2015; Peters et al., 2015; Armstrong et al., 2016) , comparatively little is understood about this process in living algae. Neither the exact cellular mechanism nor the site of incorporation of the HYDA1 H-cluster have been elucidated. Studies in which [FeFe] -hydrogenases were heterologously produced in Escherichia coli, which is unable to synthesize the 2Fe sub-cluster, have shown that the [4Fe4S] cluster is incorporated first by the standard bacterial FeS cluster machinery (Mulder et al., 2009) , followed by the 2Fe sub-cluster, which is assembled and incorporated by the specific maturation enzymes HYDE, HYDF and HYDG (King et al., 2006; Mulder et al., 2009; Kuchenreuther et al., 2010; Broderick et al., 2014) . In C. reinhardtii, the HYDEF and HYDG genes are essential for catalytic hydrogenase activity (Posewitz et al., 2004) . However, it is unclear in which cellular compartment the assembly of the [4Fe4S]-or the complete H-cluster naturally occurs, and therefore which FeS cluster biosynthesis machineries are involved. Each plant cell compartment is able to synthesise FeS clusters, but the systems employed differ: the mitochondria and cytosol contain the iron sulphur cluster (ISC) and cytosolic iron sulphur protein assembly (CIA) systems, respectively, while the chloroplast utilises the sulphur mobilisation (SUF)-like machinery (Kessler and Papenbrock, 2005; Balk and Schaedler, 2014) . HYDA1 is encoded in the nucleus but functions in the chloroplast, and following translation in the cytosol is transported there in a process facilitated by its N-terminal chloroplast transit peptide (Happe and Naber, 1993; Happe and Kaminski, 2002) . Therefore it is likely that HYDA1 is assembled in the chloroplast, as previous studies have shown that only unfolded proteins are transported across the outer chloroplast membranes (Paila et al., 2015) . However, in vivo studies on this process are missing. Also, although the nuclear-encoded HYDEF and HYDG probably function in the chloroplast (they contain putative chloroplast transit peptides and HYDG was detected in the chloroplast in a proteomics study; Terashima et al., 2010) , this needs to be confirmed. Finally, Reifschneider-Wegner et al. (2014) were able to obtain active HYDA1 by expressing the HYDA1 gene from the C. reinhardtii chloroplast genome, indicating that the chloroplast maturation machinery was able to assemble the protein. However, the authors observed that expression of HYDA1 from the chloroplast resulted in stress responses; thus it was unclear whether the chloroplast maturation machinery was the native assembly system for HYDA1 or not.
The aim of this study was to investigate the compartmentalisation and specificity of HYDA1 maturation in the natural host C. reinhardtii. To achieve this, we took advantage of our recent demonstration that a synthetic analogue of the 2Fe sub-cluster can be used for the efficient in vitro maturation of [FeFe] -hydrogenases equipped with the [4Fe4S] cluster (Berggren et al., 2013; Esselborn et al., 2013) . Applying this technique allowed us to distinguish mature hydrogenase from a hydrogenase with a [4Fe4S] cluster and a completely co-factor-less enzyme. To determine which FeS cluster assembly machineries are involved in assembling the HYDA1 [4Fe4S] cluster, HYDA1 was expressed from the chloroplast and nuclear genomes of the C. reinhardtii hydA1-1 hydA2-1 knockout strain (Meuser et al., 2012) . We found that the HYDA1 chloroplast transformants, as well as the strains producing HYDA1 targeted to the chloroplast, produced mature HYDA1, while those in which HYDA1 was targeted to the cytoplasm produced inactive enzyme. Notably, cytoplasmic HYDA1 could not be activated by adding the synthetic 2Fe sub-cluster analogue unless its [4Fe4S] cluster was reconstituted first. This indicates that the chloroplastic, and not the cytosolic, FeS maturation machinery is required for HYDA1 maturation. By expressing its gene from the chloroplast genome, we were also able to obtain an active bacterial [FeFe]-hydrogenase that contains an N-terminal domain harbouring four additional FeS clusters. This indicates that the C. reinhardtii FeS-, as well as H-cluster assembly machinery is not strictly specific for the small single-domain algal-type [FeFe]-hydrogenases.
RESULTS

Generation of stable HYDA1 transformants
To determine the location of HYDA1 FeS cluster assembly in C. reinhardtii and the specificity of the maturation machinery, HYDA1 was integrated into the nuclear and chloroplast genomes of the C. reinhardtii hydA1-1 hydA2-1 knockout mutant (Meuser et al., 2012) , henceforth referred to as Dhyd, and H 2 production was analysed. The Dhyd strain was unable to produce any H 2 under the conditions used here, therefore any H 2 produced by the transformants could be associated with the respective transgenes.
HYDA1 is naturally encoded in the nuclear genome, but contains a chloroplast transit peptide (TP) enabling its translocation to the chloroplast following translation (Happe and Naber, 1993; Happe and Kaminski, 2002) . Here, nuclear constructs coding for HYDA1 both with and without a TP (nHYDA1 and nHYDA1-TP, respectively) were created (Figure 1 ) so that H 2 production of transformants containing HYDA1 imported to the chloroplast could be compared with that of those in which HYDA1 was localised to the cytoplasm. Two different promoter systems were tested, the native HYDA1 promoter (Pape et al., 2012) and the tandem HSP70A/RBCS2 promoter (Schroda et al., 2000) . The HSP70A/RBCS2 promoter (constructs nHYDA1hsp and nHYDA1-TPhsp; Figure 1 ) was found to result in higher hydrogenase activities in most cases and was thus used for all cellular work. HYDA1 cDNA was tested initially, but resulted in very few transformants, therefore the genomic sequence was subsequently used. Note that as a positive control, the pS124S plasmid (Meuser et al., 2012) , which contains the complete genomic HYDA1 gene and regulatory regions (Pape et al., 2012) , was used to complement Dhyd.
A chloroplast construct, cHYDA1, containing a codonoptimised version of the native cDNA minus the TP-encoding region, was also made (Figure 1 and Figure S1 in the Supporting Information). In this construct, HYDA1 was under the control of the psaA promoter/5 0 untranslated region (UTR) and rbcL 3 0 -UTR (Tibiletti et al., 2016) and inserted between rrn5 and psbA in the chloroplast genome.
Following transformation, transformants were selected on antibiotics and then screened via PCR to check for the presence of the transgenes ( Figure S2 ). The chloroplast transformants were driven to apparent homoplasmy (Figure S2) , a state in which all copies of the chloroplast genome contain the transgene. This was achieved by repetitively plating individual colonies on media with increasing concentrations of antibiotic. Once homoplasmic, the chloroplast transformants remained stable throughout the course of this study. This was in contrast to the nuclear transformants, a large number of which were lost, probably due to transgene silencing.
Transformants containing chloroplast-localised HYDA1 produced H 2
In this study we tested both in vitro hydrogenase activity and in vivo H 2 evolution of the cells. Both assays provide different information: for the in vitro hydrogenase activity assay, the algal cells are lysed with a detergent and the [FeFe]-hydrogenases present in the lysate are provided with an excess of reductant (sodium dithionite) and an artificial electron mediator (methyl viologen). Therefore, this assay gives information about the total amount of mature and active enzyme within a cell culture, independent of the physiological electron transfer pathways. In contrast, in vivo H 2 production measurements determine the H 2 that was produced by living cells, i.e. making use of the natural electron transport pathways.
To test whether the transformants produced functional hydrogenases, in vitro hydrogenase activity assays were performed with cultures which had been bubbled with nitrogen (N 2 ) for 3 h in the dark to induce anaerobiosis ( Figure 2 ). Hydrogenase activity rates similar to those of the wild type (WT) CC-124 were obtained for the lysates of the cHYDA1 and nHYDA1hsp transformants, with the nHYDA1hsp_1 transformant producing the highest activities of all of the strains screened [the average activity for nHYDA1hsp_1 was 266 nmol H 2 lg chl À1 h À1 (chl, chlorophyll), 120% that of the WT; note that the original Dhyd parental strain D66 was not tested here]. However, the nHYDA1-TPhsp transformants only displayed very low in vitro hydrogenase activities (an average of 13 nmol H 2 lg chl Figure S1 ) in pLM21 (Tibiletti et al., 2016) , which integrates between rrn5 and psbA in the chloroplast genome. (b) The nuclear constructs, which had a pOPT backbone (Lauersen et al., 2015) , contained the genomic HYDA1 sequences with or without the chloroplast transit peptide (TP)-encoding region. The chloroplast construct contained the aadA and ampR genes, which provide resistance to aminoglycoside and ampicillin, respectively, while pOPT contained the hygromycinR and ampR resistance genes. All constructs coded for C-terminal StrepII-tags.
anaerobiosis was found to be a crucial determinant of hydrogenase activity levels. In contrast to the WT and the Dhyd strain transformed with the WT HYDA1 sequence (plasmid pS124S), which displayed maximal H 2 productions (average of 221 and 186 nmol H 2 lg chl À1 h À1 , respectively) when the pre-cultures were in stationary growth phase [(1-3) 9 10 7 cells ml À1 ], the chloroplast transformants displayed the highest hydrogenase activities (average of 186 nmol H 2 lg chl À1 h À1 ) when the pre-cultures used for the experiments were still in a logarithmic growth phase [(1-5) 9 10 6 cells ml
À1
]. The increase in activity was quite dramatic: when the cultures were in stationary phase the chloroplast transformants displayed 4% the average activity of the WT CC-124, but in logarithmic phase, 252% (Figure 2 ).
Purification of Strep-tagged HYDA1 from C. reinhardtii
To determine whether the very low hydrogenase activity in the nHYDA1-TPhsp transformants was due to low protein abundance, unstable protein or incomplete protein maturation, the enzymes produced in the nHYDA1hsp_2, nHYDA1-TPhsp_2 and nHYDA1-TPwt_3 transformants were purified via Strep-affinity chromatography and analysed in vitro. In an effort to boost hydrogenase levels, sulphur (S) deprivation was performed (Melis et al., 2000) , because hydrogenase activity is usually higher under S deprivation (Kamp et al., 2008) . From analysis of the gas phase and by performing in vitro hydrogenase activity assays during the course of the S deprivation experiments, it could be determined that the nHYDA1-TPhsp transformants produced small amounts of H 2 (Figure 3) . The wild type CC-124 (WT), parental strain hydA1-1 hydA2-1 (Dhyd), Dhyd strain complemented with the complete genomic HYDA1 gene and regulatory regions (using plasmid pS124S; Dhyd comp), chloroplast expression strains (cHYDA1_1 and 2) and nuclear transformants nHYDA1hsp_1 and 2, in which the full-length HYDA1 was under the control of the HSP70A/RBCS2 promoter and nHYDA1-TPhsp_1 and 2, in which HYDA1 without a transit peptide (TP)-encoding sequence was under the control of the HSP70A/ RBCS2 promoter, were bubbled with N 2 for 3 h, after which in vitro hydrogenase activity assays were performed. For these assays, sodium dithionite and methyl viologen were used as artificial electron donor and mediator, respectively. Cultures were in logarithmic [(1-5) 9 10 6 cells ml
À1
] or stationary [(1-3) 9 10 7 cells ml À1 ) growth phases prior to bubbling, except for the nuclear transformants, which were only in logarithmic phase. Biological triplicates are shown, except for cHYDA1_2 in the stationary phase and nHYDA1-TPhsp_1 and nHYDA1-TPhsp_2, where duplicates were performed. For all HYDA1 transformants the transformants producing the most hydrogen are shown. Error bars represent standard error of the mean (SEM). (a) Hydrogen in the gas phase of sulphur (S) deprived cultures of the wildtype strain CC-124 (WT), hydA1-1 hydA2-1 (Dhyd), and Dhyd transformants containing chloroplast-expressed HYDA1 (cHYDA1_1 and 2) and nuclearexpressed HYDA1 under the control of the HSP70A/RBCS2 tandem promoter (nHYDA1hsp_1 and 2, and nHYDA1-TPhsp_1 and 2).
(b) Enzymatic hydrogenase activity in the S-deprived cultures as determined by an in vitro activity assay using sodium dithionite and methyl viologen as artificial electron donor and mediator, respectively. The starting chlorophyll concentrations were between 11 and 23 lg ml
. Biological duplicates are shown; error bars represent standard error of the mean (SEM). Samples were taken at 0, 24, 48 and 72 h after S deprivation.
Following protein purification from S-deprived nHYDA1hsp_2, nHYDA1-TPhsp_2 and nHYDA1-TPwt_3 transformants, in vitro protein maturation with an inorganic 2Fe mimic ([2Fe MIM ]; Esselborn et al., 2013) was tested to see whether there were any increases in enzymatic activity. This would indicate that the proteins contained the [4Fe4S] cluster but not the 2Fe cluster. The activity did not significantly change for any of the proteins (Figure 4) , suggesting that the proteins were either mature or did not have a [4Fe4S] cluster, which, in vitro, is required for the incorporation of the 2Fe sub-cluster (Posewitz et al., 2004; Mulder et al., 2009; Broderick et al., 2014) . To determine which scenario was the case, FeS cluster reconstitution was performed (Noth et al., 2016) . Notable increases in activity for the cytoplasmic nHYDA1-TPhsp proteins, but only small increases for the chloroplastic nHYDA1hsp protein, were seen after FeS reconstitution followed by 2Fe sub-cluster maturation (Figure 4 ), indicating that the purified nHYDA1-TP proteins did not contain a [4Fe4S] cluster, while the majority of the purified nHYDA1hsp protein did.
Expression of a clostridial [FeFe]-hydrogenase from the chloroplast genome
To further test the specificity of the C. reinhardtii chloroplastic assembly machinery, a Clostridium pasteurianum [FeFe]-hydrogenase gene, CPI, was expressed from the C. reinhardtii chloroplast genome. CPI, like most bacterial [FeFe]-hydrogenases, has an F-domain in addition to the H-domain, which is in contrast to the single-domain algal Noth et al., 2016) . Twenty microlitres of purified protein was used in a final volume of 200 ll in a 2-ml gas-tight vial with sodium dithionite and methyl viologen as artificial electron donor and mediator, respectively. Measurements were normalised to 1 L of algal culture. Biological duplicates were performed; error bars represent standard error of the mean (SEM). HYDA1. The F-domain harbours additional FeS clusters that form an electron transport chain from the external electron donor to the catalytic H-cluster (Adams, 1987) . Significant in vitro hydrogenase activity could be measured in C. reinhardtii Dhyd strains equipped with a chloroplast-encoded CPI enzyme (Figure 5a, b) , although the enzymatic activity was much lower than for the chloroplast-encoded C. reinhardtii HYDA1 (on average 8% those of cHYDA1 under N 2 bubbling and 29% under S deprivation). Notably, CPI-producing S-deprived strains accumulated H 2 in vivo to 23% that of the WT and 45% that of the strains expressing C. reinhardtii HYDA1 from the chloroplast genome (Figure 5c ). These results show that it is not only possible to express a foreign and structurally very different hydrogenase in the C. reinhardtii chloroplast, but that it can be integrated into the physiological H 2 production pathways of the algae.
DISCUSSION
Chlamydomonas reinhardtii is one of the best studied organisms for many plant-like processes (Rochaix, 1995 Armstrong et al., 2016) , the biochemistry of the enzyme has hardly been characterised in vivo. Here, we investigated the maturation of HYDA1 in C. reinhardtii and thereby examined the specificity of its compartmentalised FeS cluster assembly machineries. The HDYA1 active site or H-cluster is made up of a classic [4Fe4S] cluster linked to a complex 2Fe sub-cluster (Peters, 1999; Mulder et al., 2010; Esselborn et al., 2016) . Heterologous and in vitro studies have shown that the [4Fe4S] cluster is incorporated first by housekeeping machineries, of which E. coli contains both the ISC and SUF systems (Py and Barras, 2010; Roche et al., 2013) . The [FeFe]-hydrogenase 2Fe sub-cluster is assembled and probably also inserted into [4Fe4S] cluster-containing enzyme by the specific maturases HYDE, HYDF and HYDG (Posewitz et al., 2004; Broderick et al., 2014) . Supposedly, this holds true for the assembly of the H-cluster in vivo; however, the location of the assembly of the whole catalytically active cluster or its sub-clusters in algae is unclear. Although HYDA1 functions in the chloroplast, it is encoded in the nucleus and translated in the cytoplasm (Happe and Naber, 1993) , thus assembly could occur either in the cytoplasm or the chloroplast or in both.
Depending on the location of maturation, different machineries would be involved in the incorporation of the HYDA1 [4Fe4S] cluster. For example, the cytoplasm contains the iron sulphur protein assembly (CIA) system, which is connected to the mitochondrial machinery that is homologous to the bacterial ISC system (Zheng et al., 1998) , and the chloroplast contains the sulphur mobilisation (SUF)-like machinery (Godman and Balk, 2008) . In E. coli the SUF machinery plays an important role in biosynthesis of the FeS cluster during stress conditions such as iron deprivation or oxidative stress, while the ISC system functions under normal growth conditions (Takahashi and Tokumoto, 2002; Lee et al., 2004; Outten et al., 2004; Yeo et al., 2006; Jang and Imlay, 2010) . It is thought likely that HYDA1 is assembled in the chloroplast, as previous studies have shown that only unfolded proteins are transported across the chloroplast outer membranes (Paila et al., 2015) , C. reinhardtii HYDEF and HYDG are thought to localize to the chloroplast (Terashima et al., 2010) and HYDA1 was recently expressed from the C. reinhardtii chloroplast to result in H 2 -producing cells (ReifschneiderWegner et al., 2014) .
Our results indeed indicate that HYDA1 maturation occurs in the chloroplast. We found that the chloroplastlocalised HYDA1 (either nuclear-encoded with a transit peptide or chloroplast-encoded) was mature while cytoplasmic-localised HYDA1 was not. In vitro reconstitution of the [4Fe4S] cluster of the mostly inactive cytoplasmic-localised protein nHYDA1-TP, followed by maturation with an inorganic 2Fe sub-cluster mimic, but not 2Fe sub-cluster maturation alone, restored enzymatic activity, indicating that cytoplasmic-localised HYDA1 did not contain a [4Fe4S] cluster, which is required for incorporation of the 2Fe subcluster in vitro (Mulder et al., 2009) . This indicates that the chloroplast FeS cluster machinery cannot be replaced by the cytoplasmic maturation machinery. Similar observations have been seen in E. coli, where it was found that the SUF and ISC pathways contain unique, non-interchangeable components (Pinske and Sawers, 2012; Pinske et al., 2013) . It was interesting that the nuclear-TP transformants produced any H 2 at all. A reasonable explanation might be that a small amount of enzyme was somehow imported into the chloroplast via a mechanism not involving the TP. Indeed, some chloroplast proteins appear to be imported without having a canonical TP (Armbruster et al., 2009) .
A fascinating finding was that the C. reinhardtii chloroplast was able to assemble the larger bacterial hydrogenase CPI. Although CPI activity in the cells was much lower than HYDA1 activity, the fact that CPI transformants showed in vivo H 2 production at all indicated that CPI was able to replace HYDA1 and receive electrons from PETF, confirming previous in vitro observations (Kuchenreuther et al., 2010) . These results show that although [FeFe] hydrogenase maturation is conserved, C. reinhardtii appears to struggle to produce the bacterial enzyme. Possibly, the biosynthesis of the four additional FeS clusters in the larger bacterial [FeFe]-hydrogenases overburdens the plastid FeS cluster assembly machinery. The lower enzymatic activity of CPI seen here could also have been due to poor codon-optimisation (CPI was not codon optimised for the chloroplast) or protein degradation (CPI is a foreign protein), factors long known to affect chloroplast gene expression efficiency and protein accumulation (Franklin et al., 2002; Surzycki et al., 2009; Coragliotti et al., 2011; Weiss et al., 2012) .
We experienced no problems, however, with stability of the chloroplast transformants. Homoplasmy was achieved easily and homoplasmic transformants remained stable in the light throughout the course of this work. This was in contrast to Reifschneider-Wegner et al. (2014) , who also expressed HYDA1 from the C. reinhardtii chloroplast but who needed to use a vitamin-repressible system and grow the transformants in the dark due to their instability in the light. The major differences between our work and theirs were that we used a different expression system and integration site [the psaA promoter and an integration between rrn5 and psbA (Tibiletti et al., 2016) instead of the psbD promoter and integration downstream of atpB (Reifschneider-Wegner et al., 2014)], a different DNA sequence due to performance of an independent codon optimisation, and a C-terminal StrepII-tag instead of an N-terminal Histag. Our transformants displayed similar activities to those of Reifschneider-Wegner et al.
We found that the growth phase of the culture was a major determinant of hydrogenase activity levels. For the WT algae, cultures in stationary phase produced more active hydrogenase than those in the logarithmic phase, while for the chloroplast constructs, which were controlled by the psaA promoter, an earlier growth phase resulted in higher H 2 production. These differences support previous observations and are likely due to the different induction patterns of the promoters. For example, psaA chloroplast transformants were previously found to display maximal expression levels when the cultures were in the exponential phase (2 9 10 6 cells ml À1 ) (Michelet et al., 2011) . In contrast, in the C. reinhardtii WT, the highest HYDA1 activities were observed when the cultures were in stationary phase [(1-3) 9 10 7 cells ml À1 ], with sulphur deprivation resulting in higher activities than argon bubbling (Kamp et al., 2008) . The observed differences are likely due to differences in either the timing of gene expression or in light penetration into the cultures. Light penetration was previously shown to affect transgene expression (Franklin et al., 2002; Coragliotti et al., 2011) and psaA is known to be upregulated in the light (Idoine et al., 2014) .
In conclusion, we have shown here that HYDA1 maturation occurs in the chloroplast and that not only the specific C. reinhardtii H-cluster maturases but also the FeS cluster assembly machinery are highly specific and non-interchangeable. We were able to successfully express an active bacterial hydrogenase in the chloroplast and all of our chloroplast transformants remained stable throughout the course of this work. These results provide new insights into the specificity of compartmentalised FeS assembly pathways and provide a basis for engineering improved H 2 production in microalgae.
EXPERIMENTAL PROCEDURES Algal cultures
Chlamydomonas reinhardtii strains CC-124 (Chlamydomonas Resource Center, University of Minnesota, http://www.chlamycollection.org/) and hydA1-1 hydA2-1 (Matthew Posewitz, Colorado School of Mines) (Meuser et al., 2012) , as well as the generated mutants, were grown in 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) acetate phosphate (TAP) medium (Harris, 1989) at 20°C under about 40 lE m À2 sec À1 constant cool white light mixed with Fluora light (Osram, https://www.osram.com/).
Plasmid construction
cHYDA1 was constructed in pLM21 (Tibiletti et al., 2016) , provided by Gilles Peliter (CEA Cadarache, France). pLM21 contains the psaA promoter and 5 0 -UTR, rbcL 3 0 -UTR, aminoglycoside (aadA) and ampicillin (ampR) resistance genes, and inserts into the inverted repeat of the chloroplast between rrn5 and psbA exon 5. HYDA1 (without the N-terminal chloroplast transit peptide sequence, as determined by Happe and Naber (1993) ) was codonoptimised for the C. reinhardtii chloroplast genome and generated by GeneART TM (ThermoFisher Scientific, https://www.thermofisher. com/de/de/home/life-science-cloning-gene-synthesis/geneart-genesynthesis.html). HYDA1 was amplified with the CloneAmp HiFI Polymerase (Clontech Laboratories, Takara Bio USA, http://www.c lontech.com/US/About/Takara_Bio_USA) using the primers HYD in fusion F (5 0 -AAATCCATGGAGATCGCTGCTCCAGCTGCTGAAGCT) and HYD in fusion R (ACGTTTAAACAGATCTATTTTTCAAATTGTG GGTGTGACCAAG), which incorporated BglII restriction sites (underlined) and homologous regions. The amplified fragments were then inserted into BglII-linearised pLM21 using the In-Fusion HD Plus cloning kit (Clontech Laboratories, Takara Bio, USA). Note that cHYDA1 contained an additional Met, Glu and Ile at the N-terminus and a Strep-tag at the C-terminus with a Ser-Ala linker.
The nHYDA1 constructs contained a pOPT_Clover_Hygro backbone (Chlamydomonas Resource Center, University of Minnesota; Lauersen et al., 2015) . pOPT_Clover_Hygro contains the constitutive tandem HSP70A/RBCS2 promoter, an aphVII cassette providing resistance to hygromycin, and a GFP (Clover) coding sequence with a C-terminal StrepII tag. To construct pOPT_HYDA1hsp, the full-length genomic HYDA1 sequence was amplified out of pS124S_Cr_HYDA1g_Hyg_resistant (Matthew Posewitz, Colorado School of Mines) using the KAPA HiFi polymerase (KAPA Biosystems, https://www.kapabiosystems.com/) and primers gHYDA1_B-glII F (5 0 -ATAGATCTGCGCTCGTGCTGAAGCCC) and gHYDA1_EcoRI R (5 0 -GCCGAATTCCTTCTTCTCGTCCTTCTC), which incorporated BglII and EcoRI restriction sites (underlined), respectively. The amplified fragment was digested and then ligated into a similarly cut pOPT_Clover_Hygro, to replace Clover with HYDA1. For pOPT_HYDA1-TPhsp, a Phusion High-Fidelity DNA polymerase ThermoFisher Scientific, https://www.thermofisher.com) and primers gHYDA1_NdeI F (5 0 -GCATATGGCCGCACCCGCTGCGGAGG) and gHYDA1_EcoRI R (5 0 -GCCGAATTCCTTCTTCTCGTCCTTCTC), which incorporated the NdeI and EcoRI sites (underlined), respectively, were used to amplify HYDA1 without its chloroplast transit peptide (ÀTP) encoding region (Happe and Naber, 1993 ) from pOPT_HYDA1hsp. The amplified fragment was digested with NdeI and EcoRI and ligated into a similarly cut pOPT_HYDA1hsp. To create plasmids pOPT_HYDA1wt and pOPT_HYDA1-TPwt, in which the HYDA1 promoter replaces the HSP70A/RBCS2 promoter, the HYDA1 promoter was amplified from pS124S using the Phusion High-Fidelity DNA polymerase and primers HYDA1P F (5 0 -GAC-TAGTGATATCGAATTCCTGCAGCCC) and HYDA1P_NdeI R (5 0 -CGCCATATGCTTGTCGCGTCTACGATATTAGAA), which incorporated an NdeI restriction site (underlined). The amplified fragment was digested with NotI and NdeI and then ligated into the similarly digested plasmids pOPT_HYDA1hsp and pOPT_HYDA1-TPhsp. All constructs were verified by sequencing (Ruhr University of Bochum sequencing service, Bochum, Germany).
cCPI was constructed in the same manner as for cHYDA1 using the primers CPI in fusion F (5 0 -AAATCCATGGAGATCAAAACGAT-TATCATCAATGGTGTACAGT) and CPI in fusion R (5 0 -ACGTT-TAAACAGATCTATTTTTCAAATTGCGGATGGGA).
An E. coli codon-optimised version of CPI was used (Kuchenreuther et al., 2010) .
Algal transformation and PCR screening
Chloroplast transformations were performed using high-pressure particle bombardment with a homemade gene gun and tungsten particles. For the transformation, cells were grown to cell densities of about 4 9 10 6 cells ml À1 , pelleted and then resuspended to a final concentration of about 5 9 10 7 cells ml
À1
. Three hundred microlitres of this concentrated culture was spread onto TAP agar plates containing 100 lg ml À1 spectinomycin. Following particle bombardment (7 kg cm À2 ), plates were left in the dark for 2 days. Colonies were then simultaneously replated onto fresh TAP + 100 lg ml À1 spectinomycin and TAP + 100 lg ml À1 streptomycin plates to identify true transformants. Colonies that grew on both antibiotics were screened via Chelex colony PCR (modification of method described by Werner and Mergenhagen, 1998 ) with a GoTaq â DNA polymerase (Promega, http://www.promega.com/) and primers pLM F (5 0 -GCGTTGCTAATGGTGTAAATAATG) and pLM R (5 0 -GTGAAATCAACTAATGGAGCTGTAC) for cCPI and primers pLM HYD CF (5 0 -GGAGAAATCCATGGAGATCGC) and pLM HYD CR (5 0 -CTATTTTTCAAATTGTGGGTGTGACC) for cHYDA1 to confirm the presence of the construct. Ten PCR-positive colonies were diluted in 10 ll of TAP + 100 lg ml À1 spectinomycin and replated onto TAP + spectinomycin plates four to five times until homoplasmy was obtained. To drive the transformants towards homoplasmy, the antibiotic concentration was increased from 100 to 500 lg ml
. Homoplasmy was tested via Chelex colony PCR using the following primers: HF (5 0 -CGTTATTAGCCTTTCGTCGCT) and HR (5 0 -CCGAAACGGTGGTTATTCCAGGCC) and 35 cycles. The primers bind in the inverted repeat region up-and downstream of the insert and amplify a 340-bp fragment in the WT but result in no band in homoplasmic strains because the region to be amplified is too large. To confirm the presence of DNA in the samples which resulted in no bands in the homoplasmy PCR, primers which amplified a 275-bp region of the 16S gene were used: 16S F (5 0 -TCCATGGAGAGTTTGATCCTG) and 16S R (5 0 -TCCTCTCAGAC-CAGCTACTGC).
Nuclear transformations were performed using electroporation, via a procedure similar to the one detailed in Meuser et al. (2012) . Fifty millilitres of late log-phase algae [about (4-7) 9 10 6 cells ml
] was sufficient for four transformations. The culture was pelleted (1000 g, 4 min) and resuspended in 1 ml of TAP + 40 mM sucrose, incubated on ice for 5-10 min and then 250 ll was added to a 4-mm electroporation cuvette (VWR, https:// us.vwr.com/) along with about 4 lg of DNA (circular plasmid). After the pulse (200 X, 25 lF, 0.8 V), the culture was diluted in 5 ml of TAP + 1% sorbitol and incubated overnight in dim light with shaking. The cultures were then plated on TAP + 15 lg ml À1 hygromycin. Nuclear transformants were screened using the Chelex PCR method, employing the GoTaq â DNA polymerase and the following primers: Screening F1 (5 0 -TGGACGGCATCAAGGAGA) and Screening R1 (5 0 -CTTCTTCTCGTCCTTCTCCTCCACGCC) which bind in HYDA1 exon 8 and HYDA1 exon 10, respectively, and which amplify a 978-bp fragment, Screening F2 (5 0 -GCAAGCTCG-CAAATGCTGTC) and Screening R2 (5 0 -CTGTCGCTGTGGCTGCTG), which bind in the HYDA1 promoter and intron 2, respectively, and which amplify a 397-bp fragment and Screening F3 (5 0 -CTCACTA-TAGGGCGAATTGGAGC), which binds directly upstream of the HSP70A/RBCS2 promoter and Screening R2, which amplify a 920-bp fragment.
Anaerobic induction
Anaerobiosis was induced either by bubbling concentrated cultures (about 110 lg chl ml À1 ) with nitrogen (N 2 ) for 3 h in the dark (final volume 5 ml) or via S deprivation, which results in the endogenous establishment of hypoxia in the light (Melis et al., 2000) . For N 2 bubbling, cultures were grown to late logarithmic [(1-5) 9 10 6 cells ml
À1
] or stationary phase [(1-3) 9 10 7 cells ml
]. For S deprivation, cells were grown to chlorophyll concentrations of 10-15 lg ml À1 (about 1 9 10 7 cells ml
), concentrated to 15-20 lg ml À1 chlorophyll if necessary (1000 g, 4 min, 22°C) and washed twice in TAP-S medium (TAP medium in which all sulphate salts are replaced by their chloride counterparts). They were then placed in 100-or 300-ml glass bottles and stirred in the light (about 90 lE m À2 sec
) for 1 h, after which the bottles were sealed with Suba seals (Sigma, http://www.sigmaaldrich.com/; time 0).
In vitro hydrogenase activity assays
In vitro hydrogenase activity assays were performed as described in Hemschemeier et al. (2009) with 200 ll of anaerobic algal culture in a final volume of 2 ml in a 8-ml glass vial sealed with a Suba seal (Sigma) and an incubation time of 20 min. Four hundred microlitres of the headspace gas was analysed via gas chromatography (GC-2010, Shimadzu Deutschland, https://www. shimadzu.de/) equipped with a PLOT fused silica-coated molecular sieve column (5A, 10 m 9 0.32 mm, Varian, http://www.varian.de) using argon as a carrier gas.
Purification of Strep-tagged HYDA1
After 72 h of S deprivation, cultures were pelleted (1000 g, 5 min) and resuspended in 10 ml of TpW2 (0.1 M TRIS pH 8, 2 mM sodium dithionate) with protease inhibitors (cOmplete TM , EDTAfree Protease Inhibitor Cocktail, Sigma-Aldrich). Sonication was performed on ice (Branson Sonifier 250, 5 9 30 sec, increasing power level of 2-4) and the lysate clarified via ultracentrifugation (130 000 g, 1 h, 4°C in a Beckman L8-80M ultracentrifuge) in TpW2-washed tubes. The supernatant was then loaded onto 1 ml of Strep-Tactin â resin (IBA, https://www.iba-lifesciences.com/) in a 10-ml gravity flow column. The column was washed with 20 ml of TpW2 and the protein was eluted in 10 ml of TpW2 with 2.5 mM desthiobiotin. Elution fractions were concentrated to 200 ll using an Amicon â Ultra spin column with a molecular weight cut-off of 30 000 Da (Merck Millipore, http://www.merckmillipore.com/). All steps were performed in an anaerobic tent.
FeS reconstitution
HYDA1 was reconstituted in a method adapted from Noth et al. (2016) . Briefly, 20 ll of purified protein was added to 20 ll of reconstitution buffer (50 mM HEPES, 300 mM NaCl, 20% glycerol, 12.5 mM DTT) and incubated at 22°C for 30 min. FeCl 3 and NaHS were then added to a final concentration of 1 mM and the protein was incubated for a further 3 h at 22°C. The complete mixture (about 50 ll) was used for each in vitro assay with a final concentration of 1 lM of [2Fe] MIM . In vitro assays were performed in 2-ml plastic tubes sealed with Suba seals (Sigma) in a final volume of 200 ll.
